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ABSTRACT 
In   the  Western   Chugach   Mountains  of Alaska metabasites 
predominate in an elongate belt of medium grade  rocks  lying  along 
the  tectonic  join  between  the  Peninsular Terrane arc basement and 
the   Chugach  Terrane  subduction  complex.     In  the  Anchorage   C-5 
quadrangle preliminary studies suggested that the belt was a single 
disrupted   unit comprised  of  igneous   and  metainorphic   rocks  with 
scattered   K-Ar ages indicating a complex cooling history.     However, 
a more recent (1982)  field  stuay  by   Pavlis.. and  Serfes  in  the  C-5 
quadrangle   revealed   that   the   belt   can   be   divided   into   two 
lithologically  and  geocnrondfdg^daU-ly distinct   subbelts.      The 
genetic  relationsnip  between  these two subbelts is equivocal.    By 
applying semi-quantitative pressure and temperature estimates  using 
co-existing  amphiDOle  and   plagioclase equilibrium compositions-in 
metabasites coupled with whole rock geochemical  data,   the  belt  can 
now be separated  into two genetically distinct subbelts:  a low P/T 
belt  (~ 3.5Kb,  ~ 515-650 C)  lying adjacent to the arc basement and a 
medium  P/T belt   (~  5.5Kb,   ~  500 C)  in contact with the subduction 
complex.    The  former  is comprised  of an  Early  Jurassic  plutonic 
complex while the later however,  is composed entirely of metamorphic 
rocks that have been invaded by near trench plutons.     K-Ar  ages  in 
both the metamorphic* rocks an* (Tear trench plutons are Early 
Cretaceous. These observations together with other evidence suggest 
that the medium pressure belt represents a distinctly younger belt 
that was thrust beneath the low P/T belt. These subbelts are 
separated by the Wolverine Creek Fault System which can now be 
considered a terrane boundary. 
A paradox exists in the metamorphic subbelt because although 
ductiley deformed medium P/T rocks associated with syntectonio 
fabrics occur adjacent to the subduction complex, less than 3Km away 
brittly deformed low P/T rocks (~ 3.5Kb, greenschist(?) to ~ 530 C) 
associated with static overprinting are found near the wolverine 
Creek Fault System-. Tnis apparent paradox can be explained by 
Tertiary faulting that has juxtaposed different structural levels of 
the metamorphic subbelt. 
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INTRODUCTION 
Miyashiro's (1961) concept of baric types in metamorphic facies 
series has been of fundamental importance to the plate tectonic 
interpretation of many metamorphic terranes. In many areas an 
assignment of a given metamorphic complex to a facies series can be 
done routinely by tracing the rocks from low- to high grades and 
observing the mineralogical succession. In some areas however this 
proceedure is impractical; 'either because rocks of proper bulk 
composition are lacking (e.g. pelitic schist) or because a regional 
homogeneity in metamorphic grade does not allow a facies succession 
to be recognized. In the case of rocks in which a metamorphic 
facies cannot be assigned, a tectonic interpretation of the terrane 
may be ambiguous and a gross misinterpretation may result. 
Tnis paper describes an example of an area where such a problem 
is clearly present. The area of interest is in southern Alaska and 
contains a series of seperate, structurally bound slabs in which the 
metamorphic grade appears to be relatively homogeneous but 
lithologic groupings suggest disparity. 
Tectonic Setting 
During the Mesozoic and early Cenozoic a series of exotic 
tectonic elements (e.g. island arcs, micro-continental blocks, 
subduction  complexes  and  ocean   plateaus)   were   accreted   to   the 
-3- 
Pacific margin of North America and are now recognizable as more 
than 150 tectonostratigraphic terranes (Coney and others, 1983) • 
Paleomagnetic data along with other evidence (e.g. biographic 
relations, distinctive rock type, linear offsets, and climate 
controlled lithologic features) suggest that many terranes 
experienced northward drift, oblique convergence, clockwise 
rotations and major right lateral strike slip motion which accounted 
for present terrane distributions (Coney and others, 1980, 1983) - 
Alaska is the northern terminous of the North American Cordillera 
and contains as many 50 tectonostatigraphic terranes (Stone and 
others, 1982). The Talkeetna superterrane (Csejtey and others, 
1982) comprises a large portion of southern Alaska and consists of 
the Peninsular, Wrangellia and Alexander terranes (Fig. 1). This 
superterrane apparently collided with North America during the 
Cretaceous (Csejtey and others, 1982; Jones and others, 1982). 
Post-collisional strike-slip motions scattered-pieces of Wrangellia 
from Oregon to southern Alaska (Coney and others,   1980). 
A subduction event coevaK?) with the collision, accreted the 
first vestiges of the Chugach terrane along the southern (present 
coordinates) trailing edge of the superterrane. Underthrusting 
during this subduction event disrupted older crystalline rocks along 
the trailing edge of the superterrane. These disrupted rocks are 
recognizable in the Northern Cnugach Crystalline Belt (Fig. 1). 
The demarkation zone between the Northern Chugach Crystalline Belt 
and younger underthrust Chugach terrane material is the Border 
Ranges Fault of MacKevett and  Plafker,   (1974). 
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Figure   I. General geology of  southern Alaska 
In 1982 mapping by Dr. T. Pavlis and M. Serfes (entire 8 weeks 
of the field season), and D. Honteverde and L. Serpa (last 2 weeks 
c 
of the field season) was conducted in the Anchorage C-5 quadrangle 
as part of a State of Alaska DGGS mapping project. Our work showed 
that two or possibly three major tectonic joins and three or 
possibly four contiguous terranes are exposed within the C-5 
quadrangle (Fig. 2). The recognized major terrane boundarys include 
the Northern Chugach Fault Zone of Pavlis (in press) and, the Border 
Ranges Fault that seperate the Peninsular/Knik River Terrane of 
Pavlis (in press) and the KniK River Terrane/Chugach Terrane 
respectively. 
The Knik River Terrane is the outboard portion of the Northern 
Chugach Crystalline Belt in the western Chugach Mountains. It is a 
10Km wide belt of disrupted igneous and. metamorphic rocks (Fig. 2) 
that can be divided into two lithologically and chronologically 
distinct subterranes seperated by the Wolverine Creek Fault System 
(Pavlis, 1983)- The plutonic subterrane is north of the Wolverine 
Creek Fault System (and is dominantly comprised of diorite and minor 
gabbroic. plutons That intrude metamorphosed basement material (e.g. 
metabasites, metapelites, marble, calc-silicates, and along some 
plutonic margins injection gneisses and quartzo-feldspathic gneisses 
with a presumed primary igneous fabric). Three hornblende seperates 
from diorites and tonalites yielded Early Jurassic (189-194ma) K- 
Ar ages (Pavlis, 1983). South of the Wolverine Creek Fault System 
the metamorphic subterrane is dominated by metamorphic rocks (e.g. 
metabasites, metapelites, ultramafic bodies, melanges, marble, and 
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:r: 
2S 
(l) 
t—1 
a= 
-a: 
■ 
n 
V) 
s; 
«—i Wolv 
UJ Cree U-. 
■^.^ 
-/^3 
;:) * * 
§ »- « 
as *   V a; 
:i) ^V«** 
!—4 + + * 
a: 
Ld i     ♦   * 
> *   ' ^ 
M 1>^ a£ 
^: 
>—•< 
z 
^ 
PT^'    ' 
Figure 2.   Partial  map ol' trie Anchorage C-b quac-angle showing1   W5 
Peninsular, Chugach and Knik River Terranes and their associated 
lithologies. K-Ar ages und sample locations are given in the Knik 
River Terrane. Sample key: 1=82 PA M10, 2=82 PA HI, 3=82 PA M4A, 
4=82 PA 519, 5=82 MS 109, 6=F 80 6A, 7=W 79 52B, 8=C 80 28. 
NCF=Northern Chugach Fault Zone, DRF=Dorder Ranges Fault, 
WCFS=Wolverine  Creek Fault System. fault=^-^ ,   broad   fault 
zone= j_^ _7_ 
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calc-silicates) that have been intruded by trondhjemite and tonalite 
plutons (Monteverde, in prep) and scarce, small sill-like bodys of 
diorite. Generally most metamorphic rocks show a well developed 
foliation paralleling the Border Ranges Fault but fabrics vary from 
massive to well foliated near the Wolverine Creek Fault System. 
Hornblende K-Ar ages obtained from a diorite, trondhjemite and 
metabasite (Fig. 2) yielded 135, 124 and 121ma ages respectively. 
Trondhjemite plutons stitch both the Border Ranges Fault (124+8ma) 
and Wolverine Creek Fault System ( 103ma) U-Pb zircon age from J. 
Arth and T. Hudson (personal communication to Pavlis, 1982). 
However analytical data for the U-Pb date are not published and thus 
the accuracy of that age is uncertain. 
It is uncertain if the Early Cretaceous metamorphic subterrane 
is a unique terrane or simply a remetamorphosed equivalenl^bf the 
Early Jurassic plutonic subterrane (Pavlis, in press). This 
relationship is critical to both local and regional pre-Cenozoic 
tectonic reconstructions. If these subterranes are genetically 
unrelated it suggests either a seperate accretionary event older 
than and unrelated to the McHugh Complex of Clark (1973) or as 
Pavlis (in press) points out the metamorphic subterrane may be a 
high grade equivalent of the McHugh Complex. In either case the 
Knik River Terrane is polygenetic and>the Wolverine Creek Fault 
System can be considered a major terrane boundary in the Western 
Chugach Mountains. If the subterranes are genetically related than 
the Knik River Terrane can be considered a single broken unit with a 
complex cooling history. 
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This study is an attempt to unravel the genetic relationship 
between the plutonic and metamorphic subterranes. In the following 
sections I develop P-T information on both subterranes using 
plagioclase and co-existing amphibole compositions in metabasites. 
The aim is to determine if baric type can be used as a guide to a 
distinction between the two subterrains. Also, wnole rock chemical 
analysis of metabasites in both subterranes will be compared with 
each other and with chemical variations among basalts erupted in 
different tectonic environments to see if any revealing 
relationships are observed. The results of this study coupled with 
the previous work of Pavlis (1982a, 1982b, 1983, in press) will 
hopefully elucidate some of these critical tectonic relationships in 
the Western Chugach Mountains. 
P-T DETERMINING METHOD 
Worldwide occurrances of metabasites metamorphosed in the 
greenschist, low-grade araphibolite and low-pressure portion of the 
blueschist facies (for instance Banno, 1964; Ernst and others, 
1970; Cooper, 1972; and Graham, 1974) are characterized by a common 
assemblage'(Laird, 1980). This assemblage contains amphibole(AMP) + 
chlorite(CHL) + epidote(EPI) + plagioclase(PLG) + quartz(QTZ) + Ti- 
PHASE + Fe-OXIDE + CARBONATE + K-MICA + GARNET. Metabasites 
intercalated  with metapelites in Vermont were used by Laird  (1980) 
-9- 
and Laird and Albee (1981) to relate metamorphic grade and faqies 
series in metapelites with mineral composition and modal variations 
in the associated metabasite. It was found that in the common 
assemblage amphibole with co-existing plagioclase compositions are 
the best indicatorsH)f metamorphic grade and facies series (Laird 
and Albee, 1981). Diagrams comparing variations in amphibole 
formula proportions with coexisting plagioclase compositions from 
low, medium and high metamorphic facies series as a function of 
varying metamorphic grade are outlined for metabasites studied in 
Vermont (Laird and Albee, 1981). Also, empirically calibrated 
geothermometers based on exchange equilibria between amphibole and 
plagioclase constructed by Spear (1980, 1981a) will be used to 
compare results of temperature estimates obtained using the previous 
method and for metabasites that do not contain the common 
assemblage. This report will not present absolute temperatures and 
pressures with varying degrees of uncertainty but will present 
pressure and temperature estimates deduced using the sources 
mentioned above. 
Method Background 
Metabasites (basalt-andesite compositions) are mineralogically 
sensitive to changing physiochemical conditions of metamorphism. 
Mineral assemblages in metabasites were used by Eskola (1920, 1939) 
to define individual metamorphic facies. Variations in amphibole 
and  co-ex ist'ing plagioclase compositions can be used  to approximate 
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the change from the greenschist (albite [ALB] + actinolite [ACT]) 
to the amphibolite (PLG > An 20 + hornblende [HB]) facies. A 
pressure dependent transition facies is recognized between the 
greenschist and amphibolite facies. Miyashiro (1961,1973) proposed 
the terms actinolite-calcic plagioclase hornfels for the low 
pressure portion and albite-epidote amphibolite for the high 
pressure portion of the transition, but until recently this 
qualitative observation was considered suspect (Turner,   1981). 
Recent studies on natural metabasite occurances (Laird, 1980; 
Laird and Albee, 1981; Maruyama and others, 1983; and references 
therein) and experimental studies on basaltic compositions (Liou and 
others, 1974; Spear, 1981b; Moody and others', 1983; Apted and Liou, 
1983) have described mineral composition and modal variations from 
the greenschist into the amphibolite facies as a. function, of T, P, 
fOp and bulk rock composition. These studies present clear evidence 
that the transitional facies proposed by Niyashiro (1961, 1973) do 
indeed exist. Prograde metamorphism of the common assemblage is 
characterized by decreasing modal ClIL, LPr~ahd ALB with a 
concotnmitant increase in modal .hornblendic amphibole and calcic 
plagioclase. Changing physiochemical conditions are systematically 
buffered within the common assemblage by continuous reactions that 
involve complex solid solutions among the coexisting phases. 
Compositional discontinuities between ALB and o^igo«lase (OLG) 
(associated with epidote breakdown) and ACT - HB (associated with 
CHL +/- EPI breakdown) define the greenschist-amphibolite facies 
transition as a function of facies series.    Bulk rock compositional 
-11- 
variables such as Fe[3+]/Al and Fe[2+]/Mg (See Maruyama and others, 
1983 for discussion), fo2, and P(H20)/P(total) do affect the grade 
at which reactions defining the transition occur. However, if fo2 is 
constant during metamorphism it is the P/T relationships that 
control the order of these reactions (Fig. 3)- The pressure 
dependence of the transition zone is due to the nature of the OLG-in 
and HB-in reactions in P-T space. Under low P/T conditions the OLG- 
in reaction occurs at a lower or at the same grade as the HB-in 
reaction but at higher pressures the reactions cross and HB forms at 
a lower grade than OLG (Liou and others, 1974; Apted and Liou, 
1983). Laird (1980) studied the systematic variation of mineral 
chemistry and mode in metabasites as a function of metamorphic grade 
and facies series defined by intercalated pelitic schist. It was 
determined that variations in amphibole and co-existing p'lagloclase 
compositions in metabasites are the best indicators of metamorphic 
grade and facies series (Laird and Albee,   1981). 
During prograde metamorphism actinolite reacts with other 
common phases to produce a dark blue-green to green hornblende. 
This color change is due to actinolite increasing in atomic A1[IV], 
A1[VI], Ti , Fe[3+], Na, K and Fe[2+]/Mg with a concomitant decrease 
in Si, (Fe[2+] + Mg + Mn), and Ca (Wiseman, 1934). Three major 
substitutions describe compositional variations observed when 
actinolite reacts to form a more hornblendic amphibole: 1) 
glaucophane substitution; Na[M4],(A1[VI] + Fe[j+] + Ti + Cr) <—> 
Ca,(Fe[2+] + Mg + Mn), 2) Tschermakite substitution; A1[IV] , (Al[ VI] 
+   Fe[3 + ]   +   Ti   +   Cr)   <-*>   Si,(Fe[2+]   +   Mg   +   Mn) ,   3)   Edenite 
-12- 
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Figure 3. Experimentally derived chlorite(CHL)-out and 
epidote(EPI)-out reaction boundarys from a natural basalt starting 
mixture are shown (Liou, 1974; Apted and Liou, 1983). Also shown 
is epidote out for a quartz + epidote starting mixture (Liou', 
1973). Note that below ~ 3Kb EPI-out occurs at a lower 
temperature than CHL-out but above ~ 3Kb the reaction boundarys 
cross and CHL-out occurs at a lower grade than the EPI-out 
reaction. Since EPI-breakdown is associated with the initial 
formation of Ca-plagioclase and CHL-breakdown is associated with 
the formation of hornblend it is apparent that at > 3Kb albite + 
epidote + hornblende is stable. Buffers used to determine the - 
DEC and -OUT boundarys are: A. and B. (QFM) (Liou and others, 
1974), C. and D. (NNO) (Apted and Liou,. 1933), E. (QFM) and 
F( NNO). 
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substitution; (Na[A] + K), A1[IV] <—> [], Si.  The tschermakite, 
edenite and glaucophane substitutions all occur during low and 
medium P/T prograde metamorphism.  However, compared to low P/T 
metamorphism the glaucophane substitution becomes increasingly more 
dominant at higher pressures (Brown, 1977; Laird and Albee, 1981). 
Therefore amphiboles from higher pressure facies series have greater 
(A1[VI] + Fe[3+] + Ti + Cr) for a given A1[IV], and greater Na[M4] 
for given values of (Na[A] + K) and (A1[VI] + Fe[3+] + Ti + Cr). 
Using the pressure dependence of glaucophane substitution in 
amphibole, Laird and Albee (1981) and Laird and others (1984) 
plotted amphibole formula proportions on diagrams comparing the 
three major substitutions from different pressure facies series (for 
example see figure 9)«  These plots illustrate that there is a 
distinct but overlapping chemical relationship between amphiboles 
metamorphosed under different metamorphic facies series conditions. 
Within any given facies series similar plagioclase compositions plot 
in groups with similar co-existing amphibole compositions. 
Overlapping amphibole compositions from low- and r. idium-pressure 
facies series are divisa^Le on the basis of plagioclase composition. 
Index minerals from intercalated metapelite assemblages separate 
these diagrams into regions of similar metamorphic grade.  Pressure 
and temperature estimates for  the grades and facies series in these 
diagrams are from mineral pair geothermometers and geologically 
valid P/T extrapolations (Laird and Albee, 1981).  By comparing 
temperature estimates within a single grade and facies series Laird 
-14- 
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dominant at higher pressures (Browm, 1977; Laird and Albee, 1981). 
Therefore amphiboles from higher pressure facies series have greater 
(A1[VI] + Fe[3+] + Ti + Cr) for a given A1[IV], and greater Na[M4] 
for given values of (Na[A] + K) and (A1[VI] + Fe[3+] + Ti + Cr). 
Using the pressure dependence of glaucophane substitution in 
amphibole, Laird and Albee (1981) and Laird and others (1984.) 
plotted amphibole formula proportions on diagrams comparing the 
three major substitutions from different pressure facies series (for 
example see figure 9).  These plots illustrate that there is a 
distinct but overlapping chemical relationship between amphiboles 
metamorphosed under different metamorphic facies series conditions. 
Within any given facies series similar plagioclase compositions plot 
in groups with similar co-existing amphibole compositions. 
Overlapping amphibole compositions from low- and u adium-pressure 
facies series are divisable on the basis of plagioclase composition. 
Index minerals from intercalated metapelite assemblages separate 
these diagrams into regions of similar metamorphic grade.  Pressure 
- and temperature estimates for the grades and facies series in these 
diagrams are from mineral pair geothermometers and geologically 
valid P/T extrapolations (Laird and Albee, 1981).  By comparing 
temperature estimates within a single grade and facies series Laird 
-14- 
and   Albee  (1981)   concluded   that  rocks metamorphosed to a similar 
grade also attained similar temperatures. 
The formula proportion diagrams and associated temperature and 
pressure' estimates are used below to estimate the temperature and 
pressure of formation for me|>abasites in the study area. This 
method for estimating P-T conditions involves significant cumulative 
errors of uncertain magnitude. As noted above bulk rock 
composition, oxygen fugacity and P(H?0)/P(total) control the 
temperatures at which transition defining reactions occur. Laird 
(1980) used least squares calculations to demonstrate that for 
typical basaltic bulk rock compositions variations in mineral 
composition are due to variations in metamorphic grade and facies 
series rather than to differences in bulk rock chemistries. This 
suggestion appears valid because co-existing plagioclase and 
amphibole compositions from different metabasites plot into groups 
defined by grade and facies series. The ambient oxygen fugacity 
present during metamorphism is recorded by the Fe-Ti oxides present 
(Rumble, 1976). The Fe-Ti oxides in the metabasites used to 
construct the formula proportion diagrams are also present in 
metabasites of similar grade in this study. However, most samples 
used to construct the diagrans do not contain hematite but six out 
of the eight samples in this study do. The presence of hematite 
suggests high fo which may tend to increase the Fe[3+] —> A1[VI] 
exchange in amphibole. The effect of this exchange on amphibole 
normalizations will be discussed in a later section of this text. 
P(H 0)/P(total)  probably approximated  1.0 in the study metabasites 
-15- 
because C0? rich phases (calcite, dolomite, ankerite) suggestive of 
an X-CO„ component are absent in all but sample 82 PA M4A which 
contains calcite. CCU rich phases are present in some of the 
metabasites used to construct the formula proportion diagrams but 
the P-T groupings were maintained. 
Therefore, a comparison of amphibole and plagioclase 
compositions from the study metabasites with those in the formula 
proportion diagrams should be relatively valid. At best reasonable 
semi-quantitative P-T estimates of formation should be obtained. At 
worst, this study should distinguish between medium and low pressure 
facies series and allow a qualitative statement concerning 
met amor phic grade. Quantitative P-T estimates using metapelite 
assemblages within the study area is the only way to test the 
accuracy of the P-T estimates determined in this study. 
METABASITES OF THE WESTERN CHUGACH MOUNTAINS 
Petrography 
Metabasites selected for this study were collected from the 
plutonic and metamorphic subterranes of the KniK River Terrane in 
the Anchorage C-5 quadrangle (Fig. 2). Metamorphic grade and facies 
series in the plutonic subterrane is defined by sample 82 PA M10 
located in the southwest and sample 82 PA H1 located in the far 
-16- 
northwest segments of the subterrane. Both samples were collected 
.25 Km from Early Jurassic dioritic plutons.  Six samples were 
selected along the length of the metamorphic subterrane (Fig. 2). 
Among these samples hornblende seperates from F 80 6A and C 80 28 
ft 
have been dated using K-Ar radiometeric dating techniques at 107 + 5 
Ma and 121 + 8 Ma respectively (Pavlis, 1983). Note, however the 
true K-Ar age from hornblende in F 80 6A is probably older because 
the hornblende separate was impure and the age is essentially a 
whole rock age. 
Collectively the metabasite sanples can be described as weakly 
to strongly-schistose, dark green rocks sometimes possessing a vague 
femic-felsic  compositional   banding.    Whole rock chemical analysis 
for five of the metabasites  are given  in  table   (1)   and  have been 
plotted on an Si0„ versus Na?0+K_0 Harker diagram typically used for 
volcanic rock nomenclature (Fig.  4A).    This diagram  indicates  that 
the metabasites range in composition from andesite to basalt.      Two 
overlapping metamorphic assemblages associated with two metamorphic 
events  are   recognized   in   all   the  metabasites.     The  primary 
assemblage (table 2)  was formed during the major metamorphic  event 
and   the   secondary  assemblage   is   the  result  of  lower   grade 
hydrothermal metamorphism that altered pre-existing minerals.     The 
primary assemblage  is used  to define  the metamorphic grade and 
facies series as a.function of mineral equlibria.    From the mineral 
relationships  in  table   (2)  metamorphism of the metabasites  was 
within  the greenschist-amphibolite  facies   transition   and   the 
amphibolite facies.    All samples experienced some degree of brittle 
-17- 
Table 1. Whole rock cnemical analysis of five metabasites. 
[Fe(T) = Fe(2+) + Fe(3+)], LOI: loss on ignition 
82 PA M10 82 PA H1 82 PA M4A 82 PA S19 W 79 52B 
WJ5& * 
MgO 3.06 4.40 7.65 6.24 6.50 
Na 0 2.30 2.75 2.89 3.07 3.13 
Fe(T) 7.40 11.19 10.54 12.05 16.35 
MnO .1301 .1596 .1515 .1585 .2686 
Ti02 .7431 .9510 1.83 1.86 2.92 
?2°3 .3007 .0967 .2551 .1978 .2673 
Si02 60.76 53.39 46.92 51.13 45.44 
CaO 5.61 6.93 9.61 8.26 8.73 
K20 .6112 
.4989 .5036 1.13 1.11 
AlpO„ 16.22 17.08 16.61 14.13 14.87 
LOI 1.81 1.93 - 1.66 1.00 .86 
SUM 98.94 99.38 98.64 99.22 100.45 
-18- 
Table 2. Mineral assemblages in metabasites used in this study 
b2PAM10 82PAH1 82PAM4A 82PA S19 82MS109 W795 ■2B F806A C8028 
FLG X X X X X X X X 
HBL X X X X X X X X 
ACT X 
CHL TR X X X X TR X 
BIO X X X 
EPI X X X X X X 
SPN X X X TR X X 
ILM X X X X X X X 
KGN X X X X 
HMT X X X X X X 
QTZ X X X X X X X 
CC X 
9 
-19- 
deformation that ig now recognizable in the form of fine veinlets. 
The hydrothermal alteration event.may have traveled along brittle 
fractures because an increase in alteration is observed closer to 
some of the veins. Alteration is characterized by primary 
plagioclases altering to one or more of the following: sericite + 
epidote + zoisite + clay products + recrystallized plagioclase and 
localized occurances of chlorite pseudomorphs after amphibole and 
biotite. Primary and secondary epidote minerals are sometimes 
difficult if not impossible to distinguish from one another. Vein 
minerals vary within individual sections as well as among different 
thin sections but generally include one or more of the following; 
chlorite, zoisite, epidote, prehnite, and calcite. The intensity of 
veining and alteration varys among samples but a qualitative 
estimate based on visual observation suggests that vein minerals 
make up much less than 1% of the total rock volume and in most cases 
* ' a large volume of unaltered or little altered primary minerals still 
exist. 
Whole Rock Chemistry of Metabasites 
Major element whole rock geochemistry was obtained using Lehigh 
Universitys Phillips AXS Automated X-ray Wavelength Spectrometer 
using fused disk samples and analysis by the maximum dilution 
method. Major element whole rock chemical data from five 
metabasites used in this study will be treated in a chemical sense 
as  pre-metamorphic igneous protoliths.    It is recognized that major 
-20- 
element migration during metamorphism may have considerably altered ( 
the original bulk rock composition, that the small number of samples 
used in this study may not be representative of the belt as a whole 
and the protolith may be sedimentary rather than igneous. Therefore 
any conclusions drawn using this whole rock data is .considered 
preliminary. 
The chemistry of each sample has been used to assign it to 
A. 
a^-g-eneralized igneous suite. On an SiCL wt% verses (Na?0 + KpO) wt£ 
Harker diagram (Fig. 4A) Irvine and Baragar (1971) have delineated 
alkaline from subalkaline igneous rocks. Sample W 79 52B plots in 
the alkaline field and contains normative nepheline, 82 PA M4A is 
boarderline alkaline-subalkaline and has no normative nephaline. 
The rocks that are subalkaline (82 PA MHA will be included) are 
plotted on an AFM chemical variation diagram (Fig. 4B) which is 
subdivided into tholeiitic and calc-alkaline suites. This diagram 
shows chat all the samples analyzed are tholeiitic. 
The TiCL content of volcanic rocks erupted at convergent plate 
boundarys rarely have TiO~ > 1.3 wt% and averages between .8 to 1.0 
wt% (Chayes 1964, Pearce and Cann 1973). In metabasites Ti is 
useful for determining the tectonic environment of formation for the 
igneous protolith because Ti is considered immobile during low grade 
metamorphism (Pearce, 1975; Smith and Smith, 1976). Basalts with 
Fe[2+] + Fe[3+]/HgO > 1.0 from tectonic environments other than 
convergent plate boundarys usually have Ti02 < 1.0 wt%. All the 
samples analyzed for this study have Fe[TOT]/MgO > 1.0. The 
basaltic   rock compositions  in  the metamorphic  subterrane  were 
-21- 
L 
^ 
Wt% 
Figure 4. A) Harker diagram illustrates nomenclature of normal 
(e.g. non-potassic) volcanic rocks and divides alkaline from 
subalaline igneous rocks (Irvine and Barager (1971). DAS = 
basalt, BAS-AN = basaltic andesite, AN = andesites. B) AFM 
diagram of Irvine and Barager (1971) seperates tholiitic from 
calc-alkaline suites. A = 82 PA M10, • = 82 PA H1, V - 82 PA M4A, 
0= 82 PA S19, □ = W 79 52B. 
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compared with mid-ocean ridge basalts (MORB) , intraplate basalts 
(IPB) and island arc basalts (IAB) on a TiOp versus Mg-number 
variation diagram in Perfit and others (1980). It was observed that 
the sample have a trend more comparable to MORB and IPB than IAB 
although the metamorphic subterrane differs by having slightly lower 
Mg-numbers than the MORB glasses. It is important to note that 
silica-undersaturated alkaline rocks are relatively rare and are 
usually associated with intraplate regions (Best, 1-983) • The 
basaltic andesite and andesite in the plutonic subterrane have Ti02 
wt°; values < 1.0 and Fe[TOT]/MgO values similar to IAB. Therefore 
it can be suggested that the plutonic subterranes basement is inpart 
comprised of pre-Jurassic tholeiitic basaltic andesites and 
andesites presumably derived from a convergent margin, and that the 
metamorphic subterrane is composed of alkaline and tholeiitic 
.basalts whose chemistries indicate that they are consanguineous with 
MORB and or  IPB. 
MINERAL CHEMISTRY 
Quantitative chemical analysis of amphiboles and plagioclases 
were obtained using Lehigh Universitys Jeol 733 Superprobe with 
Tracor Northern 2000 computer automation. A defocused beam was used 
when analyzing plagioclase to prevent Ha loss. An accelerating 
voltage of   15Kv  and  a  sample  current of 10nA were used.    Analysis 
-23- 
was done using Wavelength Dispersion Methods and an Energy 
Dispersion (X-ray) Spectrum was used for semiquantitative 
multielement analysis. Matrix effects on data was corrected using 
the method of Bence and Albee (1968) using Tracor Northern software. 
Amphibole analysis were normalized using the same proceedure 
outlined by Laird and Albee (1981). Specifically, total cations 
less (Ca + Na + K) = 13 except those that have (Ca + Na) < 2.0 when 
normalized to total cations less K =  15. 
Averages of ten to fourteen amphibole spot analysis per sample 
thin section are listed in table (3a) and plotted on an SiCL Wt% 
versus Na20 Wt% diagran (Fig. 5). A 10 Wt% Si02 range for 62 PA M4A 
and a less than 4 Wt% Si02 range for all other samples suggests a 
high degree of homogeneity for all samples except 82 PA M4A. 
Amphibole analysis trends show increasing Na?0 Wt% with decreasing 
SiOp Wt% consistent with increasing edenite and glaucophane 
substitutions during prograde metanorphism. Core to rim chemical 
analysis from one or more amphiboles in each sample thin section was 
preformed. Only 82 PA M4A showed consistent and graphically 
resolvable substitution trends that will be discussed later in this 
section. With the exception of 82 PA M4A all samples used in 
formula proportion diagrams are averages of ten to fourteen spot 
analysis per thin section (Table 3a). Referring to the amphibole 
nomenclature scheme of Leake (1978) in figure (6) amphiboles in 82 
PA H1, 82 PA S19, F 80 6A, W 79 52B ana C 80 28 are tschermakitic- 
hornblendes, 82 PA M10 and 82 PA 109 are magnesio-hornblendes, and 
zoned  amphiboles  in   82  PA M4A have core compositions ranging from 
-24- 
I 
IV) 
I 
Table 3- A. Average Wt% oxides in Amphiboles, their structural formula's as 
a function of the normalization used and the composition of the coexisting 
plagioclase is shown. B. Sane information as (A) except the amphibole 
analysis are from 82 PA M4A. 
A. 
AVERAGE: 14 10 12 11 11 12 10 
SAMPLES: 82PAM1.0 82PAH1 82PAS19 82MS109 F806A W7952B C8028 
Al-0 9.65 14.81 11.29 9.42 11.31 11.46 13-00 
10.82 8.32 12.46 15.52 12.38 12.45 13.33 
SiO 
TiUp 
K 0 
F50 
45.28 42.67 44.49 48.49 44.81 44.11 45.25 
.51 • 37 .53 • 70 .32 .66 .72 
.26 .25 • 49 .16 .46 .46 .05 
18.79 18.14 15.92 11.88 15.42 15.78 12.84 
1-iiiQ .84 • 32 .45 , .28 .32 1.07 .29 
CaO 11.00 11.62 12.08 11.13 11.42 11.31 11.37 
Na 0 • 93 1.62 1.22 1.01 1.22 1.26 1.70 
TOTAL: 98.11 98.12        98.83        98.J4B 98.00        98.56        98.55 
^ 
Table 3- A. Average Wt% oxides in Amphiboles, their structural formula's as 
a function of the normalization used and the composition of the coexisting 
plagioclase is shown, b. Sane information as (A) except the amphibole 
analysis are from 82 PA M4A. 
A. 
AVERAGE:      1410      1211      TT      12     10 
SAMPLES:    82PAM10  82PAH1  82PAS19  82KS109  F806A  W7952B  C8028 
IV) rtt>j 
U1 
A1„0 .9.65 14.81 11.29 9.^2 11.31 11.46 13.00 
N4i6 5 10.82 8.32 12.46 15.52 12.38 12.45 13-33 
SiO         , 45.28 42.67 44.49 48.49 44.81 44.11 45.25 
Tien .51 .37 .53 .70 '     .32 .66 .72 
K 0 .26 .25 .49 .16 .46 .46 .05 
F50 18.79 18.14 15.92 11.88 15.42 15.78 12.84 
KnO .84 .32 .45 .28 .32 1.07 .29 
CaO 11.00 11.62 12.08 11.13 11.42 11.31 ,      11.37 
Na20 .93 '    1.62 1.22 1.01 1.22 1.26 1.70 
TOTAL: 98.11 98.12 98-83 98.43 98.00 98.56 98.55 
NORM. UStU:   15EK     13ENCK  13tJiCK  15£K     13BJCK  13ENCK . 13tNCK 
VI Al X
Ti-. 
Fej+ 
^M4 
K 
6.5315 6.2749 6.3929 6.7874 6.4523 6.3188 6.3973 
1.4185 1.7251 1.6071 1.2126 .1.54771 .6812 1.6027 
.2355 .8543' . 3055 • 3243 • 3725 .2538 .5631 
.0558 .0415 .0572 .0732 .0728 .0714 .0761 
1.28b6 .6046 1.03o1. ■ .988 1.0764 1.3714 .9664 
2.3514 1.8295 2.6690 ' 3.2^91 2.6580 2.6584 2.8092 
.9982 1.6335 .8743 .4022 .7809 .5136 .5508 
.1030 .0366 .0554 .0329 .0393 .1263 .0343 
1.7075 1.8295 1.8592 1.6658 1.7628 1.7363 1.7223 
.2628 .1705 .1403 .2745 .2372 .2632 .2777 
.2934 • 1993 .1031 .0871 .1890 
.0490 .0471 .0906 .0281 .0373 .0895 .0097. 
Plug(An):   (40-51)  (19-36)  TTBl  (40-47)   TALbT*  {"2^73  (29-32) 
AN(26-29) 
*See section (Mineral Chemistry) in text. 
& 
I 
Tabl e   ju. 
82 PA K4A 
An(3.8-4.7) and  AN(38-41) 
SAMPLES: 1 2 3 4 5 6 7 8 9 
Al^SiO 
Hc6     J 
4.14 5.72 6.27 6.3^ 6.62 7.58 7.89 8.84, 9.02 
lb. 75 13-92 15.03 14.80 14.55 13.79 13.03 13-20 12.63 
SiU. 
TiUp 
FeU 
52.27 50.33 50.59 50.67 51.38 48.99 49.13 48.55 47.99 
.06 
.03 .22 .21 .21 .39 .18 .00 .18 
.00 
.03 .05 .04 .09 .10 .03 .07 .20 
11.76 13.62 12.16 12.35 12.58 13.65 14.38 13.01 14.57 
MnU • 09 • 36 .31 .22 .22 • 30 .08 .23 .23 
CaU 13-10 12.60 12.64 12.40 12.32 12.89 13.03 12.93 12.70 
Na  0 • 34 .39 .52 .47 .53 .55 .58 .70 .63 
TOTAL:   .-   97.51    97.00    97.83    97.50    98.56    98.25    98.42    97-58    98.21 
/ 
/ 
,; 
/ 
I 1 
/ 
■??":" 
r 
3b. 
NORM :  15EK 13ENCK 13ENCK 13ENCK 13ENCK 13ENCK 15EK 15EK 13ENCK 
Si}J 7.4478 7-3071 7.2223 7.2480 7-2805 7.0422 7-0063 6.9477 6-9345 
AlJ!     .5522 .6929 .7777 .7520 .7195 .9578 .9937 1.0523 1.0655 
AlVi     .1432 .2855 -2780 .3174 .3867 .3262 .3325 .4377 -4701 
1             Ti      .0065 .0034 .0237 .0229 .0227 .0430 .0195 .00 .0197 
co            Fe^     .4896 .3627 .4340 .4500 .5481  .4023 .7586 .7523 .3976 
'             Hlip 3.3457 3-0128 3.2092 3.1566 3.0743 2.9543 2.7695 2.8170 2.7215 
Fe      .9118 1.2912 1.0173 1.0263 .9419 1.2377 .9562 .8038 1.3628 
Mn      .0108 .0441 .0371 .0263 .0261  .0369 .0090 .0345 .0283 
Ca u 1.9-990 1.9610 1.9330 1.9007 1.8708 1.9855 1.9991 1.9826 1.9654 
Na.M     .0932 .0390 .0670 .0993 .1292 .0143 .1556 .1721 .0346 
Na      .00   .00 .7670 .0040 .0299 .00 .00 .0222 .1556 
K       .00   .0063 .0100 .0076 .016  .0192 .0155 .0122 .0276 
3b. 
SAMPLES:  TO      fl       12    '  13 iT 
Al 0 9.96 11.28 13.14 14.44 14.95 
H£0 12.63 11.35 10.51 11.26 10.18 
SiO 48.85 46.92 45.42 45.75 43.69 
Ti0
2 -02 .06 .33 .09 .27 
K2° -°9 -15 .14 .06 .10 
F&0
 13-76 14.37 15.05 13.89 14.55 
"
;n0
-16 .28 .43  *  .10 .31 
CaU 13.00 12.43 12.32 12.38 11.96 
tia
2° -81 -93 1.04 1.25 1.47 
TOTAL: 99.27 97.77 98.37 99.21 97-50 
Norm: 13ECKN 13ECKN 13EKCN 13EKCN 13EKCN 
• IV i>iIV 6.9732 6.8208 6.5782 6.5127 6.3725 
A1VI 1.0268 1.1792 1.4218 1.4873 1.6275 
A1
-6495 .7538 .8201 .9346 .9429 
Ti. .0016 .0066 .0362 .0097 .0298 
F6
-1561 .2484 .3902 .4027 .4531 
Hg2+ 2.6874 2.4596 2.2682 2.3891 2.2144 
Fe 1.4864 1.4982 1.4328 1 .'2513 1.3211 
Mn
 -0190 .0339 .0520 .0126 .0387 
CaM4 1.9885 1.9359 1.9119 1.8876 1.8690 
fJa
A -0115 .0641 .0881 .1124 .1310 
Na
-2140 .1983 .2028 .2323 .2835 
K .0155 .0286 .0254 .0107 .0194 
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Figure   5.     SiO?  versus   Na?0 Wt%  diagrams   illustrate aiiphibole 
composition range within eacn thin section.   (A.)  A. 
=   C   80   28,   C.   =  82  PA M10.   (B.)   D.   = W 79 52B,   E. 
=  F 80 6A,  G.   =  82 MS  109.     C.)   G.  =  82 PA M4A. 
=  82 PA HI,  B. 
82  PA S19,  F. 
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Figure 6.     Calcic amphibole nomenclature scheme after  Leake 
are   plotted   using   the   normalizations given  in table  (3). 
■=  82 PA h"l,B •= 82 PA M4A,  O =  82 PA i>19, ♦=  82 MS  109,1 
W 79 52B, v =  c 60 28. 
(1978).     Samples 
A = 82 PA M10, 
|:  F  80   6A,  □  = 
Actinolite to magnesio-hornblende and rim compositions ranging  from 
Magnesio-Hornblende to tscherrnakitic hornblende. 
Plagioclase compositions are summarized in table (3a). 
Recognition of the syngenetic plagioclase in most samples was easy 
because plagioclase was relatively unaltered and compositions were 
nearly constant. F 80 6A and W 79 52B were exceptions because most 
of the plagioclase in F SO 6A was sericitized and two generations of 
plagioclase growth in W 79 52B is suspected. In F 80 6A sparce 
localized occurances of small slightly altered twinned plagioclase 
are observed. Hicroprobe analysis on these grains was difficult but 
when coupled' with an energy dispersion (X-ray) spectrum it was shown 
that K ajid Ca are both less than 1.0 Vit% (resolution of energy 
dispersion (X-ray) spectrum) and are probably less "than .5 Wt%. 
This indicates that the plagioclase is albite and, because it 
predates alteration (sericitization) the albite is assumed to be the 
syngetic plagioclase. Plagioclase in W 79 52B occurs as large 
twinned albite grains associated with quartz-plagioclase segregation 
bands and groundmass albites and oligoclase in the more mafic 
layers. The groundmass plagioclase, however, crosscut and contain 
inclusions of amphibole suggesting that a younger growth period.may 
be resposible for the oligoclase. To avoid a. possible 
misinterpretation both the sygenetic albite and albite-oligoclase 
case will be considered during P-T determinations. 
Sample:  82 PA MIA 
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82 PA M4A contains coarse grained porphyroblasts of light green 
fiberous amphibole mantled by a slightly darker blue-green 
arnphibole. The darker blue green amphibole occurs as an epitaxial 
overgrowth on the amphibole porphyroblast and a sharp but faint 
optical boundary separates the two. Amphibole chemical variations 
are best illustrated by an Al-distribution map (Fig. 7b). On the 
Al-map a sharp chemical dicontinuity is observed in the lower left 
hand corner of the field. This discontinuity separates the low-Al 
porphyroblast (dark portion) from the high-Al rim (light portion). 
The low-Al porphyroblast shows areas of low- and high-Al 
concentrations consistent with analytical data. However, unlike in 
the low-Al porpyroblast, compositional zoning within the higher Al 
overgrowth is distinct with a probable magnesio-hornblende core and 
tschermakitic hornblende rim. This type of amphi/bole mantling and 
zoning in the hornblendic rim indicate prograde trends. The 
irregular Al concentrations in the amphibole porphyroblast appear 
to be spacfally related to cleavages and fractures/. In Figure (8) 
amphibole formula proportions are used to compare substitution 
trends between actinolitic cores and hornblende rims. Core and 
overgrowth formula proportions show overlap and compositional trends 
dominated by tschermakitic substitutions. 
Albite and andesine plagioclase compositions in 82 PA M4A were 
obtained from small xenoblastic plagioclase grains in the matrix and 
from larger twinned poikiloblastic plagioclase grains that contain 
inclusions of xenoblastic clinozoisite. Element maps of Al , Na and 
Ca   (Fig.   7b,c,d)   suggest  the matrix  material in contact with the 
-33- 
B. 
-34- 
D. 
Figure 7. A.) Reflected light photograph (8^~X) of an amphiboie 
and surrounding matrix in" sample 82 PA M^A. Amphiboie is dark 
grey in the lower left portion ana trie matrix is light gray in the 
upper right- b.) Al-distribution map (860X) shows relative AL- 
concentration (Lighter area has higher Al-conoentration. Note the 
Al-zoning in the amphiboie. C.) Na-distribution map. Note fairly 
uniform intensity in the matrix. D.) Ca-distribution. map. Note 
local intensity variations in matrix suggesting two plagioclases. 
-35- 
IV 
Al 
Figure 8. Formula proportion diagram illustrates composition 
substitution trends in sample 82 PA M4A. Note the overall 
Tschermak i t ic substitution trend. Line from origin to 
tschermakitic end member is for comparison only. ■ = ACT-core, ic = 
HB-rim. 
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high Al rim is dominantly plagioclase. Na intensity appears fairly 
uniform in most matrix regions but in the same regions Ca intensity 
varies from near zero to higher. This observation is consistent 
with co-existing albite and andesine. 
Interpretation of the textural and compositional variations in 
82 PA M4A is complicated by the known existance of a compositional 
gap between actinolite and hornblende. This gap has been observed 
within the greenschist and amphiboUte facies in many low and medium 
P/T terranes (e.g., Shido and Miyashiro, 1959; Tagiri, 1973; Brady, 
197^; Misch and Rice, 1975; Grapes, 1975; Karuyarr,,. and others, 
1983). Explanations for this gap include; immiscibility (e.g., 
Miyashiro, .1958; Brady, 1974; Tagiri, 1977), sluggish nature of 
amphibole generating reactions resulting in overstepprng reactions 
(Grapes and Graham, 1978) and a transition loop (Maruyama and 
others, 1983). Amphibole composition trends in 82 PA M4A are 
continuous within and overlapping between the actinolitic core and 
hornblendic rim. The continuous nature of amphibole composition, 
albite co-existing with andesine and the occurrence of large 
poikiloblastic plagiclases suggest disequilibrium probably due to 
overstepping of prograde reactions. The presence of hematite in 82 
PA M4A can be used to argue that the .metamorphism was of the low P/T 
type. A high oxygen fugacity at low pressures will significantly 
reduce the temperature range of the greenschist-amphibolite facies 
transition but will have the opposite effect at higher pressures 
(Liou and others, 1974; Moody and others, 1983; Apted and Liou, 
1983).  Small temperature increases in a narrow transition will 
-37- 
result in large departures in phase composition equilibrium. Rapid 
overstepping of reactions forming hornblende and calcic plagioclase 
coupled with evidence chat amphibole reactions are sluggish at low 
P(HpO) (Akella and Winkler, 1969; Liou and others, 1974) explain the 
amphibole zoning trends, occurrence of albite with andesine and the 
poikiloblastic plagioclases. A small Cretaceous trondhjemite pluton 
approximately .5 Km away from 82 PA M4A may have supplied a short 
lived thermal pulse. However, Tertiary faulting complicates this 
association. It appears that an original greenschist facies 
assemblage was subjected to a low P/T metamorphism where 
temperatures may have reached amphibolite facies conditions. 
PRESSURE - TEMPERATURE ESTIMATES 
The pressure and temperature estimates obtained using the 
methods discussed below may have significant errors. The magnitude 
of these errors is uncertain and these P-T estimates can only be 
considered approximations. 
Samples: 82 PA'H1, 82 PA S19, F 80 6A, W 79 52B 
Referring to figure (9a) the peristerite gap in medium pressure 
facies series metabasites occurs when the blue-green amphiboles mole 
fractions are; 1.2 < A1[IV] < 1.8 and 1.2 < (A1[VI] + Fe[3+] + Ti + 
-38- 
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Figure 9. Amphibole formula proportion diagrams 
(1981). A.) Note that samples cluster in both the rned 
B.) Shows that 82 PA MUA, 82 PA 319 and 82 PA 111 plot 
and F 80 6A, C 80 28 and W 79 52B plot in both the ined 
C.) Table correlates temperatures and pressures 
equilibria in the intercalated pelitic,schist wi 
proportions and plagioclase compositions from the as 
Note that the grade (from the pelitic schist) 
composition (from the irieLjbasite) correspond to a temp 
that can be compared with A.) and B.). Isogrades 
Garnet (in pelitic schist) , (B) Staurolite (in peli 
Oligociase (in metabasite). # = 82 PA 111, ■ (core) 
Q= 82 PA 519, ■ = F 80 6A, a = W 79 52B,   v = C 80 28. 
from Laird and Albee 
ium-P arid  low-P  field. 
in the low-P field, 
ium- and low-P fields, 
derived from phase 
th amphibole formula 
socicJted  metabasite. 
and the plagioclase 
erature   and   pressure 
on diagrams are (A) 
tic schist) , and (C) 
,   •(rim)   =  82  PA M'lA, 
Cr) < 1.8 (Laird and Albee, 1981). All samples from this study plot 
within this range. 82 PA S19 and F 80 6A contain albite and 
hornblende and W 79 52B contains albite and possibly syngenetic 
oligoclase co-existing with hornblende. The albite hornblende 
association is characteristic of the albrte-epidote amphibolite 
facies, a medium pressure assemblage. 82 PA S19 and F 80 6A are in 
the garnet-albite zone (garnet in metapelites; albite is the 
metabasite plagioclase) indicating a temperature of 500 C and a 
pressure of 5.4 Kb (Fig. 9c). W 79 52B contains albite and possibly 
syngenetic oligoclase. It is, therefore, either in the garnet- 
albite or garnet-oligoclase zones indicating a temperature between 
500 C and 525 C and a pressure between 5.4 and 5.7 Kbs. C 80 28 and 
82 PA H1 both contain oligoclase/andesine and correlate with the low 
pressure garnet oligoclase/andesine zone with a temperature of 500 C 
< 
and a pressure of 3«5 Kb. 
Figure (9b) from Laird and others (1984) is a^modified version 
*of a similar diagram in Laird and Albee (1981) but is based on more 
data. The peristerite gap in the medium P/T envelope appears to 
range between .2 < Na[M4] < .5 , 1.2 < (A1[VIJ * Fe[3+] + Ti +Cr) < 
1.8) which is the same as the earlier diagram. Amphiboles from F 80 
6A and W 79 52B fall within these boundaries and therefore correlate 
with temperatures of 500 C and 5.4 Kb although W 79 52B appears to 
have equilibrated at a slightly higher temperature. The amphibole 
in C 80 28 nas a relatively high Na[M4] content and contains 
oligoclase/andesine which suggests higher pressures than the low P/T 
case but lower pressure than the medium P/T case.  Therefore a 
-40- 
temperature range of 500 - 525 C and a pressure range of 3.5 - 5.7 
Kb is assumed. 82 PA S19 contains albite yet the Na[M4] content of 
the co-existing amphibole falls into the low P/T field where 
oligoclase/andesine is stable. This paradox may be explained if one 
assumes for justifiable reasons that the Fe[3+] content may have 
bgfift underestimated in the normalization procedure used. Most of 
the samples used by Laird^and Albee (1981) and Laird and others 
(1984) to define the different metamorphic facies series did not 
contain hematite. Equivalent normalization procedures in rocks 
containing hematite (suggesting high fo? ) may underestimate Fe[3+] 
and therefore force Na into the A-site. All samples except F 80 6A 
and 82 PA H1 contain hematite and this fo~ argument may explain the 
lower Chan average Na[M^] values for those rocks wnich appear to 
belonging in the medium P/T field. 82 PA H1„ plots in the low 
pressure garget oligoclase/andesine field with a temperature and 
pressure of 500 C and  3.5 Kb. f 
Sample:  82 PA M4A 
A low P/T metamorphism has already been suggested by the writer 
for 82 PA M4A based on the compositional and textural relationships 
observed. If the zoning trend in figure (8) was plotted in 
figure(9a) it would be observed that the zoning trend is mostly 
contained within the low pressure envelope which is inturn contained 
within the medium P/T envelope. However the andesine-hornblend 
association  is discordant with the medium P/T field .suggesting the 
_J41- 
peak of metamorphism was the law P/T type. This'interpretation 
becomes clearer in figure (9b) where the substitution trend falls 
entirely into the low P/T field. The peak of metamorphism 
correlates with the garnet oligoclase/andesine zone which in rocks 
studied by Laird and Albee (1981) corrspond to a temperature of 500 
C and 3.5 Kb. It appears that an original greenschist facies 
assemblage was overprinted by a low P/T greenschist/amphibolite 
facies transition or amphibolite facies metamorphism. ''However, the 
P/T nature of the original assemblage has been masked by the younger 
thermal event. 
Samples: 82 PA M10 and 82 MS 109 
Both 82 PA M10 and 82 MS 109 have plagioclase compositions 
ranging between An[40] - An[51] and lack the complete common 
assemblage. 82 PA M10 lacks chlorite and epidote and 82 MS 109 
lacks epidote. These missing phases were presumably reacted out 
with increasing temperature and the plagioclase and amphibole 
compositions thereafter were not buffered by the common assemblage. 
Therefore phase compositions in these rocks cannot be compared with 
those used in the formula proportion diagrams of Laird and Albee 
(1981) and Laird and others (198*0. However, experimental work in 
the amphibolite facies (Spear, 1981b) and the attempted calibration 
of exchange equilibria between plagioclase and amphibole with 
increasing temperature (Spear, 1980; 1981a) can be used to argue low 
P/T metamorphism for both samples. Spear (1981b) showed that the 
-42- 
HB-PLG assemblage (amphibolite facies) is stable over a 175-200 C 
range where P[H?0] = P[total] = 3 + 2Kb. Both increasing 
temperature and increasing pressure are buffered continuously and 
systematically by exchange equilibria between amphibole and 
plagioclase. Spear (1980, 1981a) empirically calibrated two 
reactions as a function of temperature: 1) 2 albite + tschermakite = 
2 anorthite + glaucophane, and 2) albite + tremolite = edenite + 4 
quartz. Reaction (1) proceeds to the right with increasing 
temperature and indicates that there is an increase in Na[MM] + Si 
and a decrease in Ca + Al in amphibole and an increase in Ca + Al 
with a decrease in Na + Si in plagioclase. This reaction was 
monitored as a function of increasing temperature by comparing the 
partitioning of X[An]/X[Ab] in plagioclase with Ca[M4]/Na[>i4] in 
amphibole. Spear (1980) constructed a geothermometer based 'on 
emperical data between the temperatures of 450 and 750 C (Fig. 10a). 
Analyses of umphiboles in 82 PA M10 and 82 MS 109 were recalculated 
in the same manner as those used to construct the geothermometer 
using the proceedure outlined by Spear (1980). Both samples plot on 
the 650 + 50 C geotherm. Reaction (2) proceeds to the right with 
increasing temperature and is calibrated by comparing the amount 
albite component in plagioclase and Na[A] in the co-existing 
amphibole. Using thermodynamic arguments Spear (1981a) concluded 
that both reaction (1) and reaction (2) have negative slopes but 
that the slope of reaction (1) is steeper than the slope of reaction 
(2). Therefore reaction (2) is more pressure sensitive than 
reaction  (1)   and' Spear   (1981a)   stated  that  in  a quartz bearing 
-43- 
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amphibolite increasing pressure at constant temperature will 
increase the A-site occupancy. In. figure (10b) the empirically 
derived isotherms are'based on reaction (2) and represent a typical 
medium P/T (Barrovian) sequence. These isotherms are believed to be 
in error as much as + 100 C based soley on the accurracy of 
calculating Na[A] (Spear, 1981a). Temperatures of approximately 490 
+ 100 C are suggested for both samples. This temperature is in 
apparent disagreement with 650 + 50 C obtained using reaction (1). 
The errors associated with these estimates are almost in contact but 
even so a qualitative statement about the pressure-temperature 
conditions of metanorphism can be made. With decreasing pressure 
the temperatures estimated using reaction (1) should remain 
approximately the same but temperatures obtained using'reaction (2) 
(a more pressure sensitive reaction) should decrease because less 
Na[A] will be found in the amphibole. Since there seems to be 
little edenite component in the amphiboles in 82 PA M10 and 82 PA 
109 a lower pressure of equilibration is assumed. 
Thermodynamic arguments based on the slopes of critical 
reactions in P-T space (Grapes and Graham, 1978; Holland and 
Richardson, 1979; Hynes, ?982) support the above arguement by 
indicating that during progressive metamorphism at low P/T, the 
tschermakite component increases in amphibole before edenite and at 
medium" P/T the reverse is true. In the southern (Tagiri, 1973) and 
central Abukuma (low P/T types), amphiboles become enriched in 
c   . edenite at the lower and upper portions of the  amphibolite  facies, 
respectively.     This  was also observed by Laird and Albee (1981)  in 
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Vermont where amphiboles metamorphosed at ~ 4Kb and 600 C show a 
distinct increase in the edenite component. 
Comparison of P-T determining methods 
Temperature estimates from figure (10a) are considered by Spear 
(1980) to be accurate to + 50 C. Temperature and pressure estimates 
from figure (9) and figure (10) along with the final T-P estimate 
are listed in table (4) for comparison. The logic used to deduce 
the final P-T estimates is as follows. 82 PA S19, F 80 6A and W 79 
52B correlate with temperatures of 500 C and pressures of 5.4Kb from 
figure (9). Figure (10a) suggests lower temperatures for 82 PA S19 
and F 30 6A but W 79 52B may contain primary ollgoclase and 
therefore has a temerature range that includes 500 C. The amount of 
Na[M4] in these samples appears low in figure (9b) possibly because 
Fe[3+] was underestimated using the amphibole normalization 
prescribed. Taking the low Na[M4] values and temperature estimates 
into consideration a temperature of 500 C is assumed for 82 PA S19 
and 82 MS 109 a temperature of 515 C is assumed for W 79 52B and a 
pressure 5.4Kb is estimated for all. C 80 28 has a temperature 
range between 500 C and 525 C and a pressure range between 3.5Kb and 
5.7Kb by comparing figure (9a) and figure (9b). Figure (10a) 
suggests a temperature of 530 C. A temperature of 530 C and a 
pressure of 5-4kb (because of un along strike lithologic correlation 
with F 80 6A anu W 79 52D) is estimated for C 80 28. 82 PA H1 plots 
in the low P/T field in figure (9a) anu figure (5b) indicating a 
-46- 
Table 4. Comparison of P-T estimates from methods used in this study and 
final P-T estimate for each s^nple (*: metamorphic peaK only) 
METHODS:       FIG.9A     FIG.913     FIG.10A     FIG.10B     FINAL P-T 
T(C)  P(Kb) T(C)  P(KD)  (+/- 50 C)  (+/- 100 C) T(C)  P(Kb) 
I 
82 PA M10     —   650 
82 PA HI 500 3.5 500 .3.5. 515 . 
82 PA M4A* 500 3.5 500 3-5 530 
82 PA S19 500 5.4 500 5.4 < 500 
82 MS 109 — —   — 650 
F 80 6A 500 5.4 500 5.4 < 500 
C 80 28 500 3.5 500- 
525 
3.5- 
5.7 
530 
W 79 52B 500- 
525 
5.4- 
5.7 
500 5.4 < 500- 
> 500 
450 
450 
650 3-5 
515 3-5 
530 3.5 
500 5.4 
650 5.4 
500 5.4 
530 5.4 
515 5.4 
temperature of 500 C and 3«5Kb. Variable plagioclase compositions 
in 82 PA HI impose a temperatufe range from greater than 490 C to 
less than 650 C in figure (10a). Using .the mean In (X[AN]/X[ALB} in 
plagioclase, a temperature less than 53D + 50 C is indicated and a 
temperature of 515 C and a pressure of 3»5Kb will be assumed. In 
figure (9b) 82 PA MA has a T-P range from less than 350 C and 1.5Kb 
to 500 C and 3.5Kb. This suggests a compressional event but the 
temperature and pressures in figure (9) are modeled after static 
baric-type geotherms. Figure ( 10a) suggests a temperature range 
from greater than 350 C to ~ 530 + 50 C using the association 
albite-actinolite and andesine-hornblende. Rather than a 
compreSrsional event to explain the P-T relationships observed in 
figure (9) a more likely explaination is that a static pressure, 
short lived thermal pulse overprinted an original greenshist facies 
assemblage. The thermal peak was probably 530 C at 3.5 Ktf. 82 PA 
M10 and 82 MS 109 have equilibrated well into the amphibolite facies 
and a temperature of 650 + 50 C has been estimated from figure 
(10a). As noted above, a low P/T metamorphism for these samples is 
suggested on the basis of the temperature difference obtained using 
reaction (1) and (2) in figure (10). The occurrance of almandine(?) 
garnets (seen only in hand sample associated with a reddish brown 
stain) in 82 PA M10 suggests a pressure of at least 3Kb (Turner, 
1981). Presumably 82 PA M10 is analogous to to 82 PA H1, therefore, 
a temperature estimate of 650 C and a pressure of 3.5Kb is assumed. 
Sample 82 MS 109 is from an amphibolite body containing trondhjemite 
sills  that  appear  to  follow a />re-existing  pervasive foliation. 
V 
"Medium P/T rocks in the metamorphic subterrane also contain a 
pervasive foliation and appear to belong to the same fault bounded 
slice that 82 MS 109 is in (Fig. 2). These observations suggest 
that 82 MS 109 may have originally been metamorphosed under medium 
P/T conditions and was later exposed to an isobaric(?) thermal pulse 
related to the sills. This increase in temperature caused 82 MS 109 
to reequilibrate under lower P/T conditions. Therefore a 
temperature of 650 C and a pressure of 5.4Kb is estimated for 82 MS 
109. All final P-T estimates are plotted in figure (11) so that a 
comparison can be made between the samples and the track of the 
peristerite gap as outlined by Maruyama and others (1983)in P-T 
space. 
DISCUSSION AND CONCLUSIONS 
As noted above there are several limitations in applying the 
metabasite whole rock geochemistry to determine the tectonic setting 
for the origin of the protolith because of the possibility of major 
element mobility at the metamorphic grades encountered in this 
study. Nevertheless, the chemical trends do suggest that the 
metamorphic subterrane contains both alkaline and tholeiitic basalts 
consanguineous with MORE and/or IPB, whereas the plutonic subterrane 
contains basaltic andesites and andesites derived from a convergent 
margin.  Also, metabasites from the metamorphic subterrane are 
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300 400        500 
TO«rOUTURE (C) 
Figure 11. Snows track of the peristerite gap and (A) the 
actinolite-hornblende break of Maruyama and others (1983) are 
shown for comparison with sample P-T estimates determined in this 
study, A - 62 PA M10, ▲ = 82 MS 109, O = 82 PA S19> F 80 6A and 
W 79 52B, (?)[core]~->* [rim] = 82 PA MA, # = 82 PA HI, □ = C 
80 28. 
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clearly more mafic than most of the rocks (diorites, metaseciiments, 
and at least some of the metabasites) in the plutonic subterrane. 
These observations strongly suggest that the metamorphic subterrane 
is not a metanorphosed equivalent of the plutonic subterrane. 
P-T estimates indicate that the plutonic subtc Tane is a low 
P/T belt (~ 3.5Kb and ~ 515-650 C) adjacent to the Peninsular 
terrane arc basement and the metamorphic subterrane is a medium P/T 
belt (~ 5.4Kb and ~ 500 C) in contact with the subduction accreted 
McHugh Complex. However, the metamorphic subterrane as mapped also 
contains lower P/T rocks.(~ 3.5Kb and ~ 530 C, and ~ 5.4Kb and ~ 650 
O. 
Because of the wide temperature ranges in the metamorphic 
subterrane and the noticibly higher temperatures near pluton margins 
the main phase of rnetamorpnism is probably in part related to the 
Early Cretaceous intrusives. The t\r blocking temperature in 
hornblende has been estimated ( Harrison and McDougall, 1980; 
Harrison, 1981) to range between 490 C and 575 C. Applying this 
estimate to the age date reported by Pavlis (1983) implies that the 
121ma hornblende cooling age in sample C 80 28 (~ 5.4Kb, ~ 530 C) is 
the primary hornblende cooling age because the sample was apparently 
exposed to a metamorphic peak within this temperature  range  (table 
4). Taken together l_the3,Mg.h-.t-empe-F-a-t-ur-c'S'""recorded near pluton 
margins and the 121Ma hornblende cooling age support the idea that 
the metamorphic peak in some rocks was related to the early 
Cretaceous plutons. •" ' 
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The occurence of both low- and medium pressure rnetamorphic 
rocks in the rnetamorphic subterrane is not well understood, but 
possible explanations are; 1) the low P/T rocks are part of the 
plutonic subterrane, 2) A post Early Cretaceous northwest (present 
coodinates) regional tilting(?) occurred so that the highest, 
structural  level   in  the  Knik   River   Terrane   lies   against   the 
Peninsular  terrane arc basement and the lowest structural level is 
r 
adjacent to the McHugh complex, and 3)  the low P/T rocks represent a 
structurally  higher  level of the rnetamorphic subterrane and either 
the low-P rocKs or medium-P rocks  or  both have been  faulted   into 
their  present position.    Explanation  1) can be probably be rejected 
because lithologies surrounding 82 PA M4A are characteristic  of the 
rnetamorphic subterrane and one or more faults separate these low P/T 
samples from distinctly plutonic subterrane rocks to the northwest. 
Also,   82  PA M4A  is chemically distinct  from  rocks  found   in  the 
plutonic subterrane.    Explanation  2)   could  be  possible,   however, 
there are observations  that conflict  with its main premise.    The 
width of the rnetamorphic subterrane  in the  C-5 quadrangle  is  less 
than  5Km.     Assuming  that  the rnetamorphic subterrane has a density 
approximating  that of the continental  crust   (1Kb=3.5Km,   from 
Miyashiro,   1973)   a  width of 7Km    would be necessary to account for 
the  2Kb difference  in  pressure noted  in  tne rnetamorphic  rocks. 
Also,   82  PA S19,  a medium P rock,   is less than 2Km from 82 PA M4A a 
low-P rock.     A 2Kb  pressure  difference  in  less  than  2Km  is  not 
geologically  realistic   and   indicates  that another explanation is 
needed.    Explanation 3)  is the simplist and most easily accepted  of 
-52- 
the three possible explainations. Near vertical Tertiary faults 
with an uncertain sense of motion (probably right lateral strike- 
slip) have displaced portions of the Knik River Terrane (Pavlis, 
1982a). In the Anchorage C-5 quadrangle some of these faults have 
strikes approximately parallel to the trend of the Knik River 
Terrane. The portion of the rnetamorphic subterrane suspected of 
being low P/T (portion closer to the Wolverine Creek Fault System) 
is stitched by a trondjhemite pluton to the Low-P (~ 3.5Kb) plutonic 
subterrane. If the Early Cretaceous plutons are directly related to 
the major rnetamorphic overprinting event and assuming the plutonic 
subterrane did not descend to a higher pressure after the early 
Jurassic metamorphism, the low-P metamorphism (~3«5Kb, greenschist 
to 530 C) in this portion of the rnetamorphic subterrane would be 
expected.       . ... 
The low- and medium pressure rocks in the rnetamorphic 
subterrane can be used to propose a senerio concerning their thermal 
history. Figure (12) is a temperature versus pressure diagram 
showing the possible P-T history of samples 82 PA M4A and 82 MS 109- 
This interpretation assumes that both samples have been exposed to a 
thermal overprint that was directly related to the Early Cretaceous 
plutons. A knowledge of the P-T nature of these samples before they 
were overprinted is essential for a proper thermal history 
interpretation. It is^ assumed that the thermal pulse from the Early 
Cretaceous plutons was relatively short lived because of the small 
size of the mapped bodys (Fig. 2). This conclusion agrees with the 
chemical disequilibrium noted in sample 82 PA M4A.    It must  also  be 
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assumed that the pressure and/or temperature under which the 
protolith (pre-overprinted assemblage) equilibrated did not change 
until the plutons intruded. The short lived nature oi' the thermal 
peak is important because it suggests that even if uplift was taking 
place during the plutonic event the thermal peak at which the phases 
equilibrated was essentially isobaric. Simple calculations can be 
used to justify the isobaric assumption. For the sake of argument 
an uplift rate of 1mm/yr (measured uplift along Aleution forearc 
ridge in Alaska; from PlafKer and others, 1#77) or 1Km/My will be 
used. If 3.5Km = 1Kb (Miyashiro, 1973) a«pressQre change of ~ 
.28Kb/Ky is calculated. The thermal peak in country rocks intruded 
by a granodiorite pluton 4Km in diameter is estimated to be last 
less than .4My (Figure 1-6; in Turner, 1981). Together, the small 
change in pressure and short duration of the thermal peak suggests 
that a pressure change of < .28Kb may have occured if(?) uplift was 
taking place during plutonism. Such a small pressure change would 
not affect the P-T estimates from this study and the overprinting 
can be assumed to be isobaric. Sample 82 PA M4A contains low grade 
relicts (actinolite-albite) that appear to have equilibrated under 
greenschist facies conditions. Therefore a pressure of ~ 3.5Kb and 
a temperature in the greenschist facies is assumed for the pre- 
overprinted protolith. Sample 82 MS 109 has a pervasive fabric 
similar to medium P/T rocks nearby and was probably metamorphosed to 
the same pressure and temperature (~ 5.4Kb and ~ 500 C) before it 
was intruded by trondhjemite sills. A line between the suggested P- 
T for the protolith of 82 PA M4A and the P-T suggested for the 
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protolith of 82 MS 109 is a medium P/T trend (Fig. 12). It is 
possible that the pre-intrusion metamorphic rocks were metamorphosed 
under medium P/T' conditions and were exposed to an isobaric 
overprint that locally reached temperatures higher than the original 
temperature of the country rock. After the plutons cooled the 
geotherms relaxed and intermittent uplifting(?) episodes took place 
to the present time. 
f 
A static metamorphic overprinting and brittle deformation  are 
characteristic of rocks  near  the Wolverine  Creek Fault  System 
(Pavlis,   1983)   and   medium   P/T  ductiley  deformed   rocks   with 
syntectonic  fabrics  are found  closer  to and  parallel the Border 
I 
Kanges Fault,   "i'nese rocks differ only in structure  and  baric-type 
from their lew P/T equivalents a short distance away (Fig. 2). 
Pavlis (1933) recognized four major lithologic-struotural domains in 
the Knik River Terrane. These domains each have structural 
characteristics that distinguish them from the others. Possibly, 
some or all of these domains represent different structural levels 
in the metamorphic subterrane. The medium P/T rocks are in Pavlis"s 
(1983) domain (I) in which a moderate to well developed foliation 
parallels the Border Ranges Fault system whereas 82 PA M4A is a low 
P/T, massive metabasite locally associated with foliated argill.ites 
that correlate with domain (III). Possibly, domain (III) represents 
the brittle and domain (I) the ductile portions of the brittle- 
ductile transition that may have locally existed between ~ 3.5Kb 
and ~ 5.4Kb. With the amount of data at hand this relationship is 
considered speculative but if further work supports the association 
-56- 
it will be a useful tool for determining different structural levels 
in this subterrane. 
The results from P-T estimates and whole rock geochemistry -irT 
this study coupled with the geochronologic and lithologic disparity 
between the plutonic and metamorphic subterranes strongly suggests 
that these two contiguous terranes are genetically unrelated. This 
conclusion indicates that the Wolverine Creek Fault System is a 
major tectonic join. The occurance of both low- and medium-P rocKs 
in the metamorphic subterrane can easily be interpreted as different 
structural levels that have been juxtaposed by faulting. Whether or 
not the" metamorphic subterrane is a higher grade equivalent of the 
McHugh Complex or an older accretionary event is beyond the scope of 
this study. It is apparent that more work needs to be done in the 
Western Chugach Mountains before many of^the geologic uncertaintys 
can be resolved. 
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